The eff ect of Pseudomonas putida BTP1, Bacillus subtilis Bs2500, Bs2504, and Bs2508 strains on the incidence (I) and severity (S) of barley leaf stripe disease caused by Pyrenophora graminea was evaluated under fi eld conditions. Three barley cultivars varying in resistance level were used. The resistance achieved in our study was long-lasting. P. putida BTP1 and Bs2508 were in general the most eff ective strains in reducing signifi cantly both I and S of barley leaf stripe disease vis-a-vis three cultivars in two growing seasons 2013/2014. The disease was reduced up to 66% in Arabi Abiad treated with P. putida BTP1. The susceptible landrace cultivar Arabi Abiad exhibited a signifi cant induction of resistance by Bs2508 and BTP1. However, the resistant cultivar Banteng did not exhibit signifi cant further increase in resistance by these bacterial strains. The grain yield of bacterized plants artifi cially inoculated with P. graminea was not aff ected, except that of the cultivar Arabi Abiad treated with Bs2508 and Bs2504. Triggering of resistance by treating seeds with the bacterial strains would be of great value in agriculture, especially in case of barley infection by P. graminea at an early stage of plant development.
ular species belonging to the Pseudomonas and Bacillus genera have been used, relying on their diff erent mechanisms to directly antagonize pathogen growth (Haas and Défa-go, 2005) .
The systemic, seed-transmitted (seedborne) hemi biotrophic fungus Pyrenophora graminea Ito & Kuribayashi [anamorph Drechslera graminea (Rabenh. ex. Schlech. Shoem.)] ( Mathre, 1997) is the causal agent of leaf stripe disease in barley (Hordeum vulgare L.) which often leads to yield reductions (Porta-Puglia et al., 1986; Arabi et al., 2004) . The fungus survives within the kernels as mycelium between the paranchymatical cells of the pericarp in the hull, and the seed coat but not in the embryo (Arru et al., 2002) . During seed germination, the fungal hyphae begin to grow intercellularly within the coleorhiza into the embryo structures, the roots and scutellar node. The pathogen behaves as a biotroph and degrades hostcell walls using hydrolytic enzymes without causing cellular necrosis (Hammouda, 1988; Haegi et al., 2008) . Once infection spreads into the young leaves, growth switches to a necrotrophic phase with the production of a host-specifi c glycosyl toxin (Haegi and 
Introduction
Biological control, i.e. the use of microbial antagonists to suppress plant diseases, has gained acceptance in recent years. Among the diff erent microbial species tested for that purpose, several aerobic sporeforming bacteria possess features that make them good candidates for use as biological control agents in the fi eld (Sharma and Johri, 2003) . Plant growth-promoting rhizobacteria (PGPR) are defi ned as root-colonizing bacteria with the ability to establish on or in the plant root, to propagate and to survive, exerting a benefi cial eff ect on plant growth and development (Choudhary and Johri, 2009 ). Many diff erent biological control agents have been introduced into different planting materials and can protect plants against various diseases (Bakker et al., 2007; Adam et al., 2008; Choudhary and Johri, 2009; De Vleesschauwer and Höfte, 2009; Reglinski and Walters, 2009) ; in partic-Porta-Puglia, 1995) that causes longitudinally dark brown discoloration of leaves. In susceptible plants, the disease usually results in severe stunting, premature death and complete loss of grain (Tekauz and Chiko, 1980) . The vast majority of knowledge about PGPR has been gathered from studies on dicots such as cucumber, tobacco, and Arabidopsis (Ramamoorthy et al., 2001) . The knowledge about induced resistance in monocots remains elusive (Van Loon, 2007; Vlot et al., 2008) . The potential of PGPR to induce resistance in monocots depends on the host-PGPR combination and on the pathogen (De Vleesschauwer et al., 2006) . The effi cacy of PGPR in monocots against necrotrophic pathogens has been demonstrated in a few cases (Van Wees et al., 2008; Pinedra et al., 2010) .
To improve the fi eld performance and consistency of biocontrol agents against Pyrenophora graminea in barley, as a monocot crop, a deep knowledge of the physiological mechanisms on which the biological control by the known PGPR bacterial strains Pseudomonas putida BTP1and Bacillus subtilis strains Bs2500, Bs2504 and Bs2508 rely is important. The capacity of these strains to induce resistance in several pathosystems has been proved previously (Ongena et al., 2004; Ongena et al., 2007; Adam et al., 2008) . The main goal of the present study was to examine the biological potential of the abovementioned four rhizobacterial strains, differing in lipopeptide production, against barley leaf stripe disease incidence and severity and also to determine their possible impact on growth and yield using three barley cultivars under fi eld conditions.
Materials and Methods

Bacterial strains and growth conditions
The non-pathogenic rhizobacterial strain Pseudomonas putida BTP1, isolated from barley roots, was selected for use in this study as it is a strain with a pyoverdin-mediated iron system, which is regarded as an enhancer of the colonization and persistence of the strain in the rhizosphere (Ongena et al., 2002; Ongena et al., 2005) . P. putida BTP1 and Bacillus subtilis Bs2508, Bs2504, and Bs2500 were kindly provided by Dr. Philippe Thonart (Wallon Center for Industrial Biology, University of Liège, Belgium). All bacterial strains were maintained on King's B medium agar plates (King et al., 1954) at 4°C before experimental use, and stored at -80°C in cryotubes according to the manufactures' recommendations (Microbank; Prolab Diagnostic, Richmond Hill, Canada) for long term conservation. For utilization, P. putida BTP1 was grown on Casamino acids (CAA) medium (5 g/l CAA, 0.9 g/l K 2 HPO 4 , 0.25 g/l MgSO 4 and 15 g/l agar) (Ongena et al., 2002) for 24 h at 30±1°C. Bacillus subtilis strains were grown on 868 medium (20 g/l glucose, 10 g/l peptone, 10 g/l yeast and 15 g/l agar) , and incubated for 24 h at 30±1°C in the dark. Subsequently bacterial cells were collected and resuspended in 10 mM MgSO 4 to a fi nal density of 10 8 colony-forming units (CFU) per mL before use.
Fungal isolate and host genotypes
After an extensive screening for more than fi fteen years in the fi eld and in our laboratory, isolates of P. graminea have been obtained from barley leaves showing leaf stripe symptoms in diff erent regions of Syria. The P. graminea Sy3 strain (P.gSy3) was selected for use in this study based on morphological and physiological criteria (virulence). In specifi c, this strain had been proven to be the most virulent isolate to all barley genotypes available so far (Arabi and Jawhar, 2012a; Arabi and Jawhar, 2012b) .
Strain P.gSy3 was cultured on potato dextrose agar (PDA, DIFCO, Detroit, MI, USA) with 13 mg/l kanamycin sulphate and incubated for 10 days at 22 ± 1°C in the dark to allow mycelia growth and sporulation. Two spring barley types [Arabi Abiad (landrace) and WI 2291(Yield improved cultivar)] and one winter type (Banteng) were chosen for their variable reaction to P. graminea ranging from being susceptible to being resistant to this pathogen (Table 1) (Arabi and Jawhar, 2012a; Arabi and Jawhar, 2012b) .
Seed health test
To determine the health status of the barley seeds used in this study, random seed samples (50 seeds) of each cultivar were taken from protected nursery germplasm, surface-sterilized in 5% sodium hypochlorite solution (NaOCl) for 5 min, rinsed three times (5 min each) in sterile distilled water and dried between sterilized fi lter paper (Arabi et al., 2004) . They were plated on Petri dishes containing PDA medium and incubated for 72 h at 23 ± 1°C in the dark.
Seed inoculation
Seeds were surface-sterilized as previously described for the seed health test. Inoculation was carried out using the modifi ed method of Hammouda (1986) . Six hundred seeds of each cultivar were placed on an active 8-day-old mycelial culture of P.gSy3 growing on PDA medium in Petri dishes (50 seeds/ Petri dish) and incubated at 6°C for 14 days in the dark. As negative control, seeds were incubated on PDA medium without the fungus. To confi rm artifi cial inoculation of the seeds by the fungus, seeds from the Petri dishes with the P.gSy3 culture were randomly collected, surface-sterilized as described above, placed on PDA medium and incubated for 72 h, at 23 ± 1°C; the seeds were then examined under a microscope for the presence of P. graminea.
Field assay to assess resistance induced by rhizobacteria
One-hundred and fi fty inoculated (with P. graminea) and the same number of noninoculated seeds per cultivar (Arabi Abiad, WI2291 and Banteng) were soaked for 15 min in each bacterial strain suspension at a concentration of 10 8 CFU/ml prior to sowing in the fi eld. The trials were conducted at a site approximately 20 km west of Damascus (33°. 29' 37.27'' N, 36° 04' 57.66'' E, 1000 m altitude), under natural rain-fed conditions [about 200-250 mm growing season rainfall conditions (10 December -30 May)]. Soil temperature was below 9ºC in the two seasons (2013) (2014) . The experiments were conducted using a randomized complete block design with three replicates. Individual plots were 50 x 50 cm with 1m border. Each plot consisted of three rows, 25 cm apart with approximately 17 seeds sown per row. The experiment was designed to allow for sampling of individual plants grown from seeds treated as follows: 1) infection with P. graminea. 2) infection with P. graminea and soaking with one of the rhizobacterial strains. 3) soaking with one of the rhizobacterial strains. 4) No infection with P. graminea and soaking in buff er free from rhizobacteria. Soil fertilizers were drilled before sowing at a rate of 50 Kg/ha urea (46%N) and 27 Kg/ ha super phosphate (33% P2O5).
Disease rating
In every fi eld plot, infected (showing leaf stripe symptoms) and healthy plants were counted at the heading stage (GS50) (Zadoks et al., 1974) . Plant resistance level was expressed as the incidence (I) of infection (number of plants with nonzero severity divided by the total number of plants in a plot) according to the scale described by Delogu et al. (1989) . Severity (S) was recorded as the number of infected leaves per plant expressed as a percentage of the total number Arabi and Jawhar , 2012(b) 38 of leaves per plant. The data for I and S were analysed using analysis of variance (StudentNewman-Keuls test), applying the STAT-ITCF program (Beaux et al., 1988) .
1000-kernel weight and yield determination
All infected and non-infected (negative control) plants of each plot were harvested at maturity. Grain yield and 1000-kernel weight (TKW) were determined on individual plants.
In vitro antagonistic test 0.1 ml of the suspension of one of the rhizobacterial strains under study (10 8 CFU/ ml) was transferred onto the center of: CCA Petri dishes for P. putida BTP1 and 868 Petri dishes for B. subtilis Bs2504, Bs2508 and Bs2500 stains, using sterile pipettes, and spread cross-wise by sterile glass spreader. Then mycelial discs of 2 mm diameter of P. graminea were cut using a sterile cork borer and placed at 2.5 cm from the center of the above CCA or 868 medium Petri dishes (4 discs / plate). Mycelial discs on the same media without bacteria were used as control. The cultures were incubated at room temperature (25±1°C) in dark for 3-5 days and the diameter of fungal mycelium growth was measured. The experiments were repeated twice.
Results and Discussion
The rhizobacterial strains used in this study were in vitro tested for their antagonistic eff ects against the leaf stripe pathogen (P. graminea Sy3 strain). The four bacterial strains tested (P. putida BTP1 and B. subtilis Bs2500, Bs2504, and Bs2508) showed that there was no antagonistic eff ect against P. graminea compared with the control and were not able to inhibit pathogen growth. This result is supported by the work of Ongena et al. (1999) on P. putida BTP1, who found that this strain does not secrete any fungitoxic compounds in vitro on several media.
The eff ect of the four rhizobacterial strains on the response against P. graminea Sy3 of three barley cultivars grown under fi eld conditions during two growing seasons (2013 and 2014) is presented in Table 2 . Student-Newman-Keuls test on incidence and severity of barley leaf stripe disease values (expressed as percentage data) showed highly signifi cant (P<0.01) main and interaction eff ects of cultivar and rhizobacterial strain, with no signifi cant diff erences among the replicates. This indicates that both cultivars and rhizobacterial strains differ in resistance and ability to induce resistance, respectively. Growing season had no eff ect on disease severity (S), while had signifi cant (P<0.01) eff ect on incidence (I) (Table2). Diff erences (P<0.01) in mean I and S values were detected among rhizobacterium and cultivar treatment, with values being consistently higher in the diseased controls, in both seasons. Compared with the diseased control, all bacterial strains had a positive eff ect in reducing I and S (main eff ect, Table 2 ). The two spring barley cultivars, Arabi Abiad and WI2291, were highly susceptible to barley leaf stripe disease, whereas, the six rows winter barley Banteng was more resistant with mean values for S and I ranging between 18.6% and 23.8%. Results of the two seasons were highly correlated (r= 0.98, P<0.001), indicating a similar performance trend for the cultivars and bacterial strains ( Table 2 ). The P. putida BTP1and Bs2508 strains were in general the best in reducing both I and S, with mean I values 23.1 and 28% and mean S values 31.8 and 35.1%, respectively. Compared with the diseased control, P. putida BTP1 showed decreases of 57.5 and 49.4% for I and S, respectively, for the two seasons and the three cultivars.
There was a barley genotype (cultivar) difference in the response to strain treatment. The susceptible landrace cultivar Arabi Abiad exhibited a signifi cant (P<0.01) induction of resistance by Bs2508 and P. putida BTP1 treatment with disease incidence decreasing by 64.9 and 66%, respectively (growing season 2013). The same trend for the Bs2508 and BTP1 strains was observed in the grow- Table 2 . Mean leaf stripe disease incidence (I) and severity (S) (%) of three barley cultivars inoculated with P. graminea Sy3 soaked with rhizobacteria during two growing seasons (2013, 2014) . Table 2 ). The resistant winter barley Banteng did not exhibit any signifi cant increase in its resistance based on incidence or severity of barley leaf stripe disease for the two seasons, with the exception of a weak decrease in severity when the cultivar was subjected to P. putida BTP1 and B. subtilis Bs 2508 treatment in 2013. The resulting resistance in our assays can be long lasting with disease reduction ranging from 0 (Banteng/Bs2500) to 66% (Arabi Abiad/BTP1, Table 2 ), since induced resistance is a host genotype response, and its expression under fi eld conditions is generally expected to be infl uenced by the environment. Walters et al. (2013) reported that understanding the impact of these infl uences on the expression of induced resistance is still poor. Host genotype is known to aff ect the expression of induced resistance (Resende et al., 2002; Tucci et al., 2011) . Our results are in agreement with the results found by Walters et al. (2011b) , that expression of induced resistance varied in spring barley varieties to Rhynchosporium commune. It may not be surprising that in our work the landrace Arabi Abiad was the most responsive cultivar in terms of induced disease resistance under all conditions. Arabi Abiad is characterized by lower yield level than the other spring cultivar (WI2291) and showed a high susceptibility in the control stage, meaning a high potential for an improvement of its resistance after rhizobacterial application. Along the same line, the lack of an induced resistance response in the winter cultivar Banteng should be attributed to its extremely high level of basal resistance in its genotype, which simply might not be improved any more. For a similar reason, cultivars expressing high basal resistance were less responsive to Benzothiadiazole than highly susceptible cultivars in soybean (Dann et al., 1998) and in barley (Walters et al., 2011a) . Cordova-Campos et al. (2012) found that basal resistance to Pseudomonas syringae pathovars was signifi cantly greater in wild accessions of bean Phaseolus vulgaris than in modern cultivars. In a recent work on barley, Molitor et al. (2011) demonstrated that following inoculation of powdery mildew infected plant with Piriformospora indica, there was a priming of powdery mildew defuse-associated genes at an early stage of the infection.
Most of previous work was applied in the fi eld to plants either as foliar sprays or as root drench. Seed treatments can be particularly useful, since they can provide protection to very young plants during germination and shoot development, particularly in a systemic seed-borne disease such as barley leaf stripe, as during seed germination, the fungal hyphae begin intensive intercellular growth. In our work, the protection was signifi cantly substantiated by the reduced I and S. Priming of induced resistance by treating seeds would be of great value in agriculture, especially for crops that are likely to face pathogen attack early in their development, such as that of P. graminea.
The cultivars planted during the two growing seasons of this study varied in resistance to leaf stripe disease. However, a resistant cultivar may in fact have diff erent resistance responses to the spread of the fungus within the infected plants, hence a wide range of severity values may be observed across cultivars for any given incidence value. It appears that diff erences in weather conditions during the two growing seasons, did not result in any diff erent patterns in the I and S relationship. As shown in Table 3 , the grain yield was not aff ected by rhizobacterial strains during the two growing seasons (2013, 2014) , except in the susceptible landrace cultivar Arabi Abiad, whose grain yield was increased signifi cantly (P> 0.01) by 48.7 and 33.5% using Bs2504 and Bs2508 respectively. The 1000-Kernal weight of the three cultivars used in this study was not positively or negatively in-fl uenced by any of the rhizobacterial strains used (Table 4) . Our results are in agreement with the work of Reglinski et al. (1994) on barley demonstrating that there was no eff ect of induced resistance on yield. The expression of resistance in barley to leaf stripe disease was not associated with an increase in grain yield and 1000-kernel weight. In general, there was a stability of these two traits. The data presented here suggest that either the plants possessed suffi cient resources to support both growth and defense, or they use resources diverted from growth to defense. This phenomenon has been reported by several workers (Murray and Walters, 1992; Ziadi et al., 2001; Prats et al., 2002; Cór-dova-Campos et al., 2012) . A number of hypotheses have been put forth to explain how plants reallocate resources during the induction of plant defenses and how induced resistance benefi ts the overall fi tness of the plant relatively to constitutive defense mechanisms (Ahmad et al., 2010; Cór-dova-Campos et al., 2012) .
In this context, it is interesting to raise the hypotheses of balance between plant growth and defense. For that purpose, experiments were conducted under the same resource-limiting conditions (200-250 mm rainfall during the two growing seasons) using the same design as for induced resistance. The experiment included the same three barley cultivars and the four rhizobacterial strains, without applying any pathogen. Analysis of variance on grain yield showed signifi cant eff ects among cultivar, rhizobacterial strain and their interaction (Table 5) . Growing season had no eff ect on grain yield. Compared with the control (free of P. graminea and rhizobacterial strains), all treatments with rhizobacterial strains had a positive eff ect on grain yield (main eff ect, Table 5 ). The Bs2508 and BTP1 strains had in general a positive eff ect on yield. Compared with the control, Bs2508 showed an increase of 29.5% for the two growing seasons and the three cultivars. Arabi Abiad exhibited signifi cant (P<0.01) increase of grain yield by using Bs2508, that reached 93.6% and 30.9% during 2013 and 2014 seasons, respectively. The winter barley cultivar Banteng did not exhibit any signifi cant increase in yield during the two growing seasons.
The present study, on the one hand, showed that P. putida BTP1 and B. subtilis Bs2005, Bs2504, and Bs2508 strains, could not inhibit in vitro P. graminea growth (no direct antagonism between them). This observation is supported by the work of Ongena et al. (1999) on P. putida BTP1 in which the bacteria did not produce or secrete any fungitoxic compound. On the other hand, the fungal hyphae survive in the kernel between the paranchymatical cells in the hull, while cells of the bacterial strains were on seed surface, i.e. there was no contact between them and they were spatially separated. All bacterial strains used in this study have reduced the incidence and severity of barley leaf stripe disease caused by P. graminea, with eff ect more pronounced when P. putida BTP1 and Bs2508 were used. Adam et al. (2008) demonstrated that tomato bacterized-plants with P. putida BTP1 showed elicited systemic resistance, by means of lipoxygenase (LOX) pathway related defense. Ongena et al. (2005) provided evidence that an N-alkylated Benzylamine derivative (NABD), isolated from P. putida BTP1, elicits resistance in bean against Botrytis cinerea. Mariutto et al. (2014) reported that induced systemic resistance (ISR) stimulation in tomato by P. putida BTP1 was associated with induction of the fi rst enzyme of the oxylipin pathway, the lipoxygenase (LOX). The oxylipin pathway was found to be diff erentially regulated (Mariutto et al. 2014) . Thus, NABD and other elicitors produced by P. putida Table 5 . Eff ect of rhizobacteria strains on grain yield (g/plant) of three barley cultivars during two growing seasons (2013, 2014 BTP1 may be active on diff erent plant species (monocots and dicots) for the control of various pathogens. In our study, the Bs2504 and Bs2500 strains induced resistance in barley against P. graminea but not as high as that induced by Bs2508 strain. Our results are in agreement with the work of Ongena et al. (2007) on tomato and bean, who found that Bs2500 and Bs2504 produce surfactin and fengycin, respectively, whereas Bs2508 produces both of these compounds; they suggested that these compounds can be perceived by plant cells as signals to initiate defense mechanisms. In future work we will devote time to identify and quantify compounds essential for the ISR-eliciting activity of the above rhizobacterial strains. 
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